Water-soluble, deep cavitands serve as chaperones of long-chain diesters for their selective hydrolysis in aqueous solution. The cavitands bind the diesters in rapidly exchanging, folded J-shape conformations that bury the hydrocarbon chain and expose each ester group in turn to the aqueous medium. The acid hydrolyses in the presence of the cavitand result in enhanced yields of monoacid monoester products. Product distributions indicate a two-to fourfold relative decrease in the hydrolysis rate constant of the second ester caused by the confined space in the cavitand. The rate constant for the first acid hydrolysis step is enhanced approximately 10-fold in the presence of the cavitand, compared with control reactions of the molecules in bulk solution. Hydrolysis under basic conditions (saponification) with the cavitand gave >90% yields of the corresponding monoesters. Under basic conditions the cavitand complex of the monoanion precipitates from solution and prevents further reaction.
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cavitands | chemical selectivity | supramolecular chemistry M onofunctionalization of symmetrical compounds poses a general problem: When identical functional groups on a substrate are truly remote, they act independently, and reactions result in a statistical mixture of products. For example, hydrolysis of diesters ( Fig. 1 ) separated by a long methylene chain exhibits equal rate constants at each site (k 1 = k 2 ), which sets an upper limit of 36.8% for the yield of the monoester. This maximum occurs when comparable amounts of unreacted diester and doubly reacted diacid product are present ( Fig. 1) , a factor that often complicates isolation of the desired monoester product.
Special circumstances can favor monofunctionalization. When the monofunctionalized compound has fortuitously different properties (such as solubility) and can be removed to a different phase (1) as it is formed, good yields can result. Likewise, when the sites are not remote--as in diesters of oxalic acid--reaction at one site greatly modifies reactivity at the other site and affects the yield of the monofunctionalized product. We describe here the application of synthetic container compounds (cavitands) as molecular chaperones to address the monofunctionalization problem. Whereas the present examples involve only hydrolysis of long-chain diesters, the predictable influence of the cavitand promises wider applications in other reactions of symmetrical, difunctional substrates.
Results and Discussion
We recently reported the synthesis of deep cavitand 1 (Fig. 2) and its capacity to sequester hydrophobic and amphiphilic species in water (2) . The eight methyl groups of cavitand 1 broaden its upper rim and prevent dimerization through hydrogen bonding into a capsule. The cavitand is stable over a wide pH range. Whereas a number of water-soluble, deep cavitand hosts are available (3-10), cavitand 1 bound long-chain guest alkanes and related difunctional compounds (bola-amphiphiles) in folded conformations (11) . Folded alkyls inside a γ-cyclodextrin were initially characterized by Turro et al. (12) , and folded bola-amphiphiles were reported by Kim and co-workers in cucurbiturils (13) ; even stranger shapes inside deep containers have been encountered recently by Gibb and co-workers (14) .
The forces that cause the guest to assume a compressed conformation are provided by the burial of hydrophobic surfaces from water, and the shape is determined by the geometry of the space on offer in the container. The cavitand's action is that of a template: Complexation "pushes" the termini closer together in the cavitand, and sites that are remote in bulk solvent are closer together in the complex (15, 16) . Reactions with macrocyclic transition structures are particularly enhanced, as shown recently for macrolactamization reactions (17) .
Brief sonication of excess diesters with 1.6-mM solutions of cavitand 1 gave 1:1 complexes. The folded shapes of long-chain α,ω-dimethyl esters as complexes with 1 in D 2 O were apparent from the 1 H NMR spectra [ Fig. 3 for dimethylester of dodecanedioate (C 12 diester); see SI Appendix for dimethylester of tridecanedioate (C 13 diester) and tetradecanedioate (C 14 diester)]. At first glance, the simplicity of the spectra indicated symmetrical complexes, and on average, they are: Signals for half the methylenes are present, with the alkyl chain bound in the cavitand. Likewise, the NMR spectra of authentic diacids used as reference compounds (SI Appendix) showed nearly identical signal patterns. The chemical shifts of the signals indicate rapidly exchanging J-shaped conformations of the guests rather than a fixed and symmetrical U-shaped conformation (SI Appendix). The reference guest in the octamethyl cavitand that appears nonmoving, is the unsymmetrical C 11 ω-amino acid (2) . Nine of its methylene signals are shifted upfield, placing them within the walls of the cavitand, and reflect the various depths the alkyl chain experiences in the cavitand. The signals for the -CH 2 -groups range from +0.7 ppm to −2.85 ppm; the upfield shifts reach a Δδ of −4.0 ppm for the central methylenes. This appears to be the steric limit for penetration of the tapered end by a U-shaped alkyl. Because we have Significance Molecules in confined spaces behave differently from those in bulk solution and a number of container (host) compounds have been developed to exploit the differences. In aqueous media, hydrophobic forces can drive binding of guests into the limited space of container hosts, and flexible guests assume shapes congruent with the container's space. Long-chain hydrocarbons take on folded conformations, which bring the guest's ends closer together. Sites that are remote in bulk solution are no longer so in the complex; the sites become "entangled" and affect each other's reactivity. Product distributions that are statistically determined in solution are significantly altered in cavitands and lead to enhanced yields of desired reaction products.
never seen a methylene signal further upfield than −3.0 ppm in this cavitand, we regard the amino acid as having a fixed conformation. Attempts to freeze out the motion of the diesters at reduced temperatures were unsuccessful.
Hydrolysis of the diesters under acidic conditions involved the following: 3 equiv. DCl was added as a solution in D 2 O to NMR tubes containing the diesters (1.15 × 10 −3 mmol) with cavitand 1 (1.73 × 10 −3 mmol) in 0.7 mL D 2 O. NMR was used to follow the distribution of the species as a function of time, and spectra for a typical run are given in Fig. 4 . The signals of the monoester show the loss of symmetry and all of the methylenes are shifted upfield by the cavitand. The COSY spectrum (SI Appendix) indicates that the ester end is deep inside the cavitand: The signal for its α-CH 2 group is shifted upfield by Δδ = −2.6 ppm.
After hydrolysis of one ester to form the monocarboxylic acid, the remaining ester appears to be less accessible to the bulk solution. That it reacts at all confirms that the J-shaped conformation is not entirely static and that the ester spends some time exposed to the medium. The exchange of the two ends of the monoester molecule between the cavity and the accessible opening may be characterized by an equilibrium constant, K ex . The sequence of reaction and exchange steps is given in Eqs. 1-3 below, where E = ester group; A = acid group, and the designation E′ or A′ indicates a group residing deep in the cavity. It is assumed that the exposed E can undergo hydrolysis but the buried E′ must exchange within the cavitand to the surface before hydrolysis.
The rate expressions for the first and second hydrolysis steps are given by Eqs. 4 and 5, respectively. The observed value of the rate constant for the second hydrolysis step, that of the monoester to the diacid, may thus be seen as the product of the intrinsic rate constant and the equilibrium constant for the exchange of the ester from deep within the cavity to the cavitand's surface, where it is exposed to the reaction medium.
[5b]
Integration of the NMR peaks for each species over the time course of the reaction provides temporal concentrations of diester, monoester, and diacid, as illustrated by the solid symbols in Fig. 5 for the cavitand chaperoned reaction of the C 14 ester. The solid lines in Fig. 5 represent the fit of the experimental concentration data to the consecutive reaction steps of Eqs. 4 and 5 using the COPASI kinetic modeling software (18) . Table 1 gives values for k 1 and k 2 obs from the fit to the data. The figure also shows the expected profiles for monoester and diacid if k 1 = k 2 obs as is the case in the bulk reaction (dotted lines), clearly demonstrating the enhanced selectivity toward the monoester when the reaction is carried out in the cavitand.
Making the assumption that the intrinsic hydrolysis rate constant for an ester group exposed to the reaction medium at the face of the cavitand will be identical whether the buried end of the molecule contains an ester or an acid, we can estimate the exchange equilibrium constant for each monoester as K ex = k 2 obs /k 1 . Table 1 shows that for the C 14 monoester whose kinetic profile is shown in Fig. 5 , the exchange equilibrium constant equals 0.24, indicating that the ester portion remains buried approximately three-fourths of the time.
Control experiments were carried out without 1 but with added THF as cosolvent for dissolution of the long aliphatic chains. The low aqueous solubility of the esters precludes running control reactions in pure water, and reactions with cavitand could not be carried out in organic solvents. Reaction profiles in the absence of cavitand fit qualitatively to the assumption that k 1 = k 2 for longchain esters, showing close to the theoretical distribution between diester, monoester, and diacid. Rates were observed to increase by a factor of 2 as the proportion of H 2 O:THF increased from 1:2 to 1:10 (SI Appendix).
The rate constants for the cavitand reactions shown in Table 1 translate to a significant increase in yield of the monoesters with the cavitand chaperone compared with the reaction in bulk solution. In addition, and notably, the absolute values of the rate constants for the reaction in the cavitand chaperone show that the first hydrolysis step is accelerated by more than a factor of 10 compared with the reaction in the absence of cavitand, as revealed by the k 1 factor in Table 1 . This suggests that the cavitand may help to solvate the exposed ester in the water medium to a greater extent than observed in organic solvent in the absence of cavitand, resulting in a striking increase in activity. Thus, the role of the cavitand lies not only in enhancing selectivity toward the monoester by suppressing the second hydrolysis step but also in increasing the intrinsic reactivity of the exposed ester group in the cavitand system compared with the molecule in bulk aqueous solution.
Hydrolysis of the diesters was also carried out under basic conditions (saponification): 1.4 equiv. NaOH as a 70-mM solution in D 2 O was added to NMR tubes containing the diester (1.15 × 10 −3 mM) and cavitand 1. After 14-17 h, DCl was added and the spectrum was recorded in Fig. 6 . The results indicated the presence of monoester and only traces of the diester and diacid. The use of internal standards showed that <5% diacid was generated under the cavitand-chaperoned conditions (Fig. 7) . The saponification procedures were repeated on the same (NMR) scale without the cavitand present. After acidification, the cavitand 1 (1.5 equiv.) was added followed by extended sonication and the yields were determined by integration of 1 H NMR spectra (Fig. 7) . A second series of controls was carried out on a preparative scale (1.0 g C 13 diester, 1.4 equiv. NaOH, in 50 mL H 2 O at 28°C for 17 h), due to Experimental data fit to the kinetic model of Eqs. 1-3 using COPASI. *k 1 factor = k 1 (cavitand)/k 1 (no cavitand). inadequate mixing of the insoluble diesters on the NMR scale. The suspension was extracted with Et 2 O from which 790 mg C 13 diester (79%) was recovered. The conversion is 21%, of which 157 mg white precipitate from the water phase was C 13 diacid as a white solid. No (<5%) tridecanedioic acid monomethyl ester (C 13 monoester) was isolated (SI Appendix). Fig. 7 compares the results of the saponification in the absence and presence of the cavitand. The cavitand-mediated reactions under basic conditions give much higher selectivities to the monoester than observed under acidic conditions. The rationale suggested for the acid-catalyzed cavitand reactions would seem to be appealing for the basic case because the monocarboxylate is even more hydrophilic and more exposed than the carboxylic acid, with the remaining ester buried deeper in the cavity. The spectrum of Fig. 6B tells a different tale: The monocarboxylate and the cavitand are absent in the solution. Apparently, the anion of the monoacid precipitates (as the cavitand complex) and is removed from solution during the reaction. This result is supported by experiments with the authentic C 13 monoester complex when treated with 2 equiv. NaOH (SI Appendix). Precipitation is observed and further saponification was much slower (hydrolysis of the C 13 diester for 17 h gave a 96% yield of C 13 monoester vs. hydrolysis of the C 13 monoester for 133 h gave a 16.5% yield of C 13 diacid). The cavitand facilitates the reaction by bringing reactants into the same D 2 O phase and then--unexpectedly and fortuitously--removes the monoanion from the reaction medium (Fig. 8 ).
These studies demonstrate that molecules in small spaces can behave differently from those in bulk solution. In aqueous media, hydrophobic forces can drive guest binding into the limited space of cavitands, and flexible guests assume shapes congruent with the container's space. Long-chain hydrocarbons take on folded conformations, which bring the guest's ends closer together. Sites that are remote in bulk solution are no longer so in the complex and affect each other's reactivity. The cavitand-chaperoned reactions differ from the classical template effects of supramolecular chemistry. Typically, cations are used to attract heteroatoms to bring the substrate's ends together, as in Pedersen's (19) synthesis of crown ethers or Dietrich-Buchecker et al.'s synthesis of catenanes (20) . In the related closed-shell capsules, the shape of the space inside can guide guests along congruent reaction pathways (21) (22) (23) (24) ). The open-ended cavitands here leave the polar end groups exposed to reagents in the aqueous medium where their chemical reactions take place. In the case at hand, the cavitand's walls push the guest into an otherwise unlikely folded conformation--in a small space where its reactivity is altered.
Conclusions
Partial hydrolysis of diesters in cavitands gives intermediates with the monocarboxylic acid exposed to the medium and the remaining ester less accessible in the cavity; an additional phase transfer role for the cavitand complex under basic conditions leads to unprecedented selectivities to monofunctional products. The cavitand behaves as a supramolecular blocking group (25) . The use of these cavitands offers the further advantage of providing a vehicle for moving organic reactions into water, providing accelerated rates for water-insoluble substrates. Additional applications of the cavitand in monofunctionalizations (26) and cyclizations to macrolactams (17) and ureas (27) augur well for remote functionalization reactions.
Materials and Methods
The cavitand 1, C 13 diester, C 12 monoester, C 13 monoester, and C 14 monoester were prepared according to the procedures reported in the literature (2, 28) . The experimental procedures for the hydrolysis of diesters under acid and base conditions with and without the cavitand and NMR spectra of the complexes are available in SI Appendix.
